Commingling is frequently encountered in cases examined by the Committee on Missing Persons in Cyprus, and pair-matching is routinely used as a preliminary segregation method. Here we examine the degree of bilateral asymmetry in nutrient foramen position of the radius and ulna to determine whether nutrient foramen position may be useful in visual and/or ostetometric pair-matching. Differences in nutrient foramen position between left-right pairs from the same individual were compared with differences in nutrient foramen position between different individuals. Bilateral asymmetry in nutrient foramen position was found to be high, indicating that it is not a reliable trait for pairmatching. Bilateral asymmetry and between-person variation were found to differ between the two bones examined, suggesting that nutrient foramen position in other long bones should also be tested.
KEYWORDS: forensic science, forensic anthropology, commingled remains, Committee on Missing Persons in Cyprus pair-matching, nutrient foramen
Human remains can become commingled in a variety of contexts including mass fatality incidents (such as plane crashes or natural disasters), and mass graves (such as in conflict-related scenarios and multiple homicides). In these cases, it is often informative or necessary to determine how many individuals are represented by a group of commingled remains, and/or to identify single individuals within collections of multiple individuals (1) This process has been very important and well-documented in mass fatality cases such as the World Trade Center terrorist attack (2) , as well in cases resulting from conflict-related events (3), war crimes (4), specific cases of human-rights violations such as those in Argentina and Chile (5-7), Bosnia and Herzegovina (8) (9) (10) , Kosovo (11) , and Croatia (12) , as well as in cases of improper mortuary practices (13, 14) .
Regardless of their cause, cases involving multiple victims can present logistical, practical, ethical, political, economic, and cultural challenges (15, 16) . Careful recovery including maintaining associated remains together and effective triage is important to facilitating accurate resolution of commingling (17) (18) (19) (20) (21) . Once in the laboratory, the first step in such cases is often to conjoin fragmentary bones to the extent possible (22) , and then identify the bones by element type and side. Further sorting can then be accomplished through a variety of welldocumented methods including visual pair-matching, articulation, osteometric sorting, taphonomy, and DNA analysis, as well as consideration for characteristics such as age and gender. Similarities in these aspects do not necessarily mean that it can be concluded with certainty that the two bones originated from the same individual, but these approaches in combination can provide robust support for correctly segregated remains. Other methods including fluorescence and trace element analysis have also been explored for sorting commingled remains (e.g., [21, [23] [24] [25] [26] ).
Visual pair-matching involves the association of left and right bones based on similarities in size and morphology that can be assessed visually. Features considered during this process might include overall size, length, robusticity, density/weight, and size and morphology of muscle attachments. Other considerations may include age-related features such as epiphyseal union lines (27) or pathologies such as degenerative joint disease, osteophytic lipping, eburnation, and porosity. Studies have found that visual pair-matching can generally be performed accurately by experienced osteologists (28, 29) . Consideration must be given, however, to the degree of bilateral asymmetry known to exist in skeletal antimeres (30) .
Osteometric sorting involves the association of bones that are of the correct size to have originated from the same individual (31) . Statistical evaluation of size and shape relationships is used, thereby eliminating the subjectivity that can be involved in sorting techniques such as visual pair-matching or articulation (32) . While it may not be possible to osteometrically segregate individuals based on body proportions, it may be useful in recognizing inconsistent relationships and facilitating exclusions (3). Although gender and ancestry appropriate models must be used, osteometric sorting may not require significant additional investment since many standard osteometric measurements such as those often collected for the gender and ancestry estimation are also applicable during osteometric sorting. It is also applicable in cases where remains are incomplete or damaged (such as those with significant perimortem trauma, or damage due to grave disturbance or other taphonomic events) and may not be amenable to reliable visual pair-matching. Tables have also been developed to facilitate osteometric sorting using several specified measurements (33) .
The Committee on Missing Persons in Cyprus (CMP) is a humanitarian organization whose principal mandate is to locate and identify the remains of over 2000 Cypriots who went missing as a consequence of the events of 1963-1964 and 1974 , and to return them to their families for a proper burial and closure (34) . Many of the cases analyzed by the CMP involve largescale commingling. Segregating remains to determine the number of individuals present and facilitate identification is therefore an important and often required step in the analysis of skeletal remains by the CMP. Visual pair-matching and osteometric sorting are frequently used in these cases as a preliminary segregation tool prior to confirmation using DNA analysis, as well as articulation and taphonomy.
CMP anthropologists often work with commingled mass burials consisting in some cases of remains from more than 40 individuals. Methods that could improve efficiency and accuracy of sorting of remains, particularly visual and metric methods that can be applied quickly and inexpensively, would be a tremendous asset in these cases. Here, we examine whether the position of the nutrient foramen may be useful for visual and/or osteometric sorting. In order to test this, the degree of bilateral asymmetry between left-right pairs of the same bone in an individual needs to be assessed, as well as the between-person variation in nutrient foramen position for a particular bone. If differences are systematic and statistically significant, nutrient foramen position may provide an additional method of osteometric sorting, as well as possibly a quick and easy trait to assess in visual pair-matching of commingled remains. The radius and ulna were selected for an initial test.
Materials and Methods
Data were collected using specimens from the Robert J. Terry Anatomical Skeletal Collection housed at the National Museum of Natural History in Washington, DC. Individuals were included when the left and right radius and/or ulna were both free of visible trauma, pathology, or other alteration, when proximal and distal epiphyses were fused, and when a nutrient foramen could be located on both the left and right bones. Nutrient foramen position was measured relative to the bone midshaft, and therefore only cases in which bones were complete were used. The maximum length of each bone was measured and the midpoint identified using an osteometric board. The distance of the nutrient foramen was then measured from the midpoint using sliding calipers, with positive (+) values recorded if the nutrient foramen was proximal to the midpoint, and negative (À) values recorded if the nutrient foramen was distal to the midpoint. The nutrient foramen was measured from its proximal aspect (Fig. 1) . In cases where more than one nutrient foramen was identified, the most proximal one was measured. All measurements were taken to the nearest mm.
Results
A total of 86 radius pairs (172 bones) and 91 ulna pairs (182 bones) were measured. (More ulna pairs from the available skeletons fit the criteria described in the Materials and Methods.) A summary of gender and ancestry for each bone are provided in Table 1 . The coefficient of determination (R 2 ) for maximum bone length and distance of the nutrient foramen from the midpoint indicates that nutrient foramen position is not related to overall bone length (R 2 = 0.065 for the radius, 0.064 for the ulna). The distance of the nutrient foramen from the midpoint is therefore used as a measure of nutrient foramen position in subsequent analyses.
Within-person variation (bilateral asymmetry) was assessed as the difference in nutrient foramen position between left-right pairs of each bone from the same individual, calculated as the absolute value of the left measurement minus the right measurement (|L À R|). Between-person variation was assessed as the difference in nutrient foramen position for 500 comparisons of the same bone and side between different individuals, calculated as the absolute value of person 1 measurement minus person 2 measurement (|Person 1 À Person 2|). Average differences were compared by two-sample t-tests.
The mean difference in nutrient foramen position for left-right pairs in the same individual (bilateral asymmetry) is 9.08 mm for the radius and 13.08 mm for the ulna (Table 2 and Fig. 2) , and is significantly greater for the ulna than for the radius (p < 0.001). No significant differences were found between males and females or between blacks and whites (Table 2) , and data therefore were pooled for assessment of between-person variation. The between-person variation in nutrient foramen position averaged 10.59 mm for the radius and 16.76 mm for the (Table 3) , and is significantly greater for the ulna than the radius (p < 0.001).
For the radius, the average bilateral asymmetry (9.08 mm) is less than the average between-person variation (10.59 mm), but not significantly (p = 0.11) For the ulna, the average bilateral asymmetry (13.08 mm) is significantly less than the average between-person variation (16.76 mm; p = 0.0006). However, this does not necessarily equate to utility in pair-matching since the standard deviations are high for both within-and betweenindividual differences. Considering the mean and just one standard deviation, there is considerable overlap (Table 4) .
We also evaluated the M statistic as described in other osteometric pair-matching approaches (e.g., [33] ), which is a measure of left-right differences as a function of left + right averages. For the radius, the max M is 0.324 and the 90th percentile is 0.213; for the ulna the max M is 4.5 and the 90th percentile is 1.10. For 500 comparisons between left-right bones from different individuals, 46% of the radius comparisons are above the 90th percentile and would therefore be considered unlikely to be from the same individual; for the ulna, the number is only around 16%. The M statistic for nutrient foramen position therefore would be little aid in excluding incorrect matches.
Discussion and Conclusions
Overall, results indicate that variance in nutrient foramen position of the radius and ulna is high and therefore this feature is not useful in visual or osteometric pair-matching. Some interesting findings, however, suggest that additional studies may be warranted. Bilateral asymmetry and between-person variation are both greater for the ulna than for the radius. This suggests that differences in nutrient foramen position vary between bones; other bones (such as the humerus, femur, tibia, and fibula) should perhaps be assessed and may be found to be useful for pair-matching.
We also tested whether assessing nutrient foramen position as its distance from the proximal end of the radius and ulna rather than the midshaft would have any effect. The rationale for this was two-fold. First, calculating nutrient foramen position from midshaft could be confounded by any bilateral asymmetry in maximum bone length. Bilateral asymmetry in maximum bone length was 3.03 mm for the radius and 3.25 mm for the ulna in this sample, and neither are associated with maximum bone length (correlations are actually negative, and both R 2 < 0.03). Second, it was considered that if nutrient foramen position for these or any other bones was useful for pair-matching, a measurement that did not require a complete bone might have greater utility since it could be potentially used with fragmentary remains. The bones were not re-measured for this test, but nutrient foramen position was re-calculated as: (maximum bone length) À (distance of midshaft from the proximal end) À (distance of nutrient foramen from midshaft). Although this measure was more strongly associated with maximum bone length (R 2 = 0.37 for the radius and 0.16 for the ulna), the bilateral asymmetry was essentially the same (9.17 mm for the radius and 13.04 mm for the ulna). This suggests that in future studies, nutrient foramen position could likely be assessed either way, though these variations may also be bone-dependent. Anthropological involvement is important in mass fatality and mass burial contexts and can greatly enhance the search, recovery, and identification process (19) . Although DNA analysis can be very effective in sorting and identifying commingled remains, it is not a cost effective option, even for laboratories that could afford such tests of every bone in large scale commingling cases. Moreover, taphonomic alterations to the bone in some cases may preclude the use of DNA so other methods become even more important. Techniques such as anthropological pair-matching that aid the identification process and that can be applied quickly and inexpensively should therefore be explored. Although nutrient foramen position in the radius and ulna do not appear to have utility in pair-matching, bilateral asymmetry in nutrient foramen position shows some variation and may therefore be useful in other long bones.
